ABSTRACT An important indicator of the health and behavior of laying hens is their plumage condition. Various scoring systems are used, and various risk factors for feather damage have been described. Often, a summarized score of different body parts is used to describe the overall condition of the plumage of a bird. However, it has not yet been assessed whether such a whole body plumage score is a suitable outcome variable when analyzing the risk factors for plumage deterioration. Data collected within a German project on farms keeping laying hens in aviaries were analyzed to investigate whether and the extent to which information is lost when summarizing the scores of the separate body parts. Two models were fitted using multiblock redundancy analysis, in which the first model included the whole body score as one outcome variable, while the second model included the scores of the individual body parts as multiple outcome variables. Although basically similar influences could be discovered with both models, the investigation of the individual body parts allowed for consideration of the influences on each body part separately and for the identification of additional influences. Furthermore, ambivalent influences (a factor differently associated with 2 different outcomes) could be detected with this approach, and possible dilutive effects were avoided. We conclude that influences might be underestimated or even missed when modeling their explanatory power for an overall score only. Therefore, multivariate methods that allow for the consideration of individual body parts are an interesting option when investigating influences on plumage condition.
ABSTRACT An important indicator of the health and behavior of laying hens is their plumage condition. Various scoring systems are used, and various risk factors for feather damage have been described. Often, a summarized score of different body parts is used to describe the overall condition of the plumage of a bird. However, it has not yet been assessed whether such a whole body plumage score is a suitable outcome variable when analyzing the risk factors for plumage deterioration. Data collected within a German project on farms keeping laying hens in aviaries were analyzed to investigate whether and the extent to which information is lost when summarizing the scores of the separate body parts. Two models were fitted using multiblock redundancy analysis, in which the first model included the whole body score as one outcome variable, while the second model included the scores of the individual body parts as multiple outcome variables. Although basically similar influences could be discovered with both models, the investigation of the individual body parts allowed for consideration of the influences on each body part separately and for the identification of additional influences. Furthermore, ambivalent influences (a factor differently associated with 2 different outcomes) could be detected with this approach, and possible dilutive effects were avoided. We conclude that influences might be underestimated or even missed when modeling their explanatory power for an overall score only. Therefore, multivariate methods that allow for the consideration of individual body parts are an interesting option when investigating influences on plumage condition.
INTRODUCTION
The plumage condition of laying hens is regarded as an indicator of animal health (LayWel, 2006) and behavior (Welfare Quality R , 2009). It can reflect deficiencies in feed composition (Ambrosen and Petersen, 1997) or abrasion due to housing equipment (Tauson, 1984) . However, the main reason for feather damage is believed to be feather pecking (Huber-Eicher and Sebö, 2001; Bestman et al., 2009) , which can be assumed to cause or to be indicative of reduced welfare in both the victim C 2017 Poultry Science Association Inc. Received May 15, 2017 . Accepted September 25, 2017 Corresponding author: amely.campe@tiho-hannover.de and perpetrator. The pulling of feathers is painful, and hens with already damaged feathers are more susceptible to further feather pecking and even cannibalism (McAdie and Keeling, 2000) . It is also known that the occurrence of feather pecking is associated with stress (El-Lethey et al., 2000) . Additionally, loss of plumage increases heat loss (Peguri and Coon, 1993) , leading to higher energy needs and feed consumption (Tauson and Svensson, 1980) .
To assess plumage condition, various scoring systems have been proposed (reviewed by LayWel, 2006; Arnould et al. 2009 ). In most systems, separate body parts are scored regarding the type and extent of feather damage. Typically, the scores of different body parts are totaled for a whole body plumage score per individual hen (Tauson, 1984; Bilcik and Keeling, 1999; Bestman 358 and Wagenaar, 2003) , or the worst score of any of the body parts is considered (Welfare Quality R , 2009 ). The average status of a total flock can then be described by either an average score (Bestman and Wagenaar, 2003) or by the percentage of animals with different scores (Kjaer and Sørensen, 2002; Welfare Quality R , 2009) . When the severity of welfare problems is to be evaluated in general, using a whole body plumage average score (or sum) can provide a good general picture of the plumage condition of a bird (Tauson et al., 2005; Kjaer et al., 2011) or a flock.
However, it must be considered that averaging or summing up feather damage for a bird will lead only to a notably decreased overall score of this bird if almost all of its parts or if a large majority of the body is affected. The condition of feathers only for specific body parts might not be reflected in the whole body score. Moreover, the same average score might result from a situation in which all body parts have the same score (e.g., moderate for all body parts) or have extremely different scores (e.g., low scores for some parts and high score for other parts). Furthermore, when the purpose of the assessment is to discover the factors that increase (or decrease) the risk of certain feather damage, a whole body score can be misleading because certain risk factors might cause damage only to certain body parts. For instance, it is known that feather pecking and the resulting feather damage mainly appears on the back and vent (Bilcik and Keeling, 1999) , whereas abrasions at the feeding trough can cause feather damage to the ventral neck (LayWel, 2006) . Also, one influencing factor might improve feather conditions for one body part and cause a deterioration at another location (ambiguous/ambivalent effects). Hence, when analyzed relative to the whole body plumage score, the effect of this influence might be cancelled out and left unrecognized. Due to these considerations, risk factor analyses for plumage damage might be impeded when using a univariate (summed) whole body score as a dependent variable. Investigation of the possible impact of a univariate outcome variable in risk factor analyses is needed. In order to assess this impact, multivariate statistical methods have to be applied to analyze different outcome variables simultaneously, while at the same time investigating multiple risk factors for all of these outcomes.
Therefore, the objectives of this study were (1) to identify possible influences on plumage condition and (2) to analyze and discuss possible advantages of the use of plumage conditions of different body parts as outcome variables in a multiblock redundancy analysis for assessing these influences. Results were compared with whole body plumage scores as an outcome variable, using data collected from a German project on farms keeping laying hens in aviaries. To illustrate the challenges encountered in the interpretation of the findings, different possible influences on the plumage condition of laying hens for all body parts (including the head) were considered.
MATERIAL AND METHODS

Study Design
The study presented here was part of a collaborative project, in which members of various scientific fields participated. Contributions came from animal health and behavior groups, as well as agricultural technologists, economic experts, and epidemiologists. The aim of the collaborative project was to deduce management recommendations for laying hens kept in aviary systems based on a cross-sectional study conducted between April 2010 and September 2012.
The eligibility criteria for participating farms included the keeping of laying hens (rather than rearing or parent flocks). The minimum farm size was 2,000 laying hens. Further criteria included having an aviary system and farmers being willing to answer questionnaires, record and transmit productivity data, and to grant access to the flocks for evaluating their health and hygiene, conducting behavioral observations, and measuring the concentration of air ammonia. The number of participating farms was limited to 70 because data collection was extensive, highly time consuming, and cost intensive, and it required the training of personnel. Due to the limited sample size, this study was restricted to identifying the most important influencing factors, despite having access to a large amount of information on the farms.
Data Collection and Management
To ensure consistency in data collection, standard operating procedures were determined for the health and behavior assessments and the measurements of hygienic conditions of the air and housing equipment. Data on general farm management (light program, feed, hygiene, personnel, etc.) and animal/flock characteristics (e.g., breed) were collected by trained observers in personal interviews with farm managers or owners (i.e., decision makers) using a standardized questionnaire. Data on housing conditions were measured or scored by trained assessors during farm visits. Productivity data were collected by an economics expert in personal meetings after the end of the laying period. The data collection sheets comprised more than 1,000 items in total. All of the data collection sheets were pilot tested on 6 farms and then were modified to their final forms. Data were collected according to farm, hen house, and flock, the last representing the experimental unit. Additionally, plumage damage was assessed in 100 hens per flock. Inter-observer agreement was assessed and assured using the exclusion test, which is based on kappa coefficients (Ruddat et al., 2014) . All of the data were kept in a Structured Query Language database, except the economic data, which were digitized in Microsoft Excel TM , Redmond, WA.
The plumage of 6 different body parts (neck, back, breast, vent, wing, and tail) was scored according to the Ca. ≥ 13 feathers damaged or completely without feathers * "Damaged": broken feathers or at least 1 cm bald patches on both sides of the quill. scheme in Table 1 (LayWel, 2006) . The percentages of hens per flock with a score of 2 or less for each specific body part were calculated and used as outcomes variables. The selected cut-off point differentiated between severe damage and moderate or no damage (LayWel, 2006) . The percentage of hens per flock with a score under a certain threshold was preferred over the mean score of all hens per flock, as the dependent variable was not measured on a continuous, but on ordinal or dichotomous scale, and hen values were not normally distributed on every farm. Additionally, the plumage condition of the head was examined despite the head likely being affected by influences other than feather pecking. Here, a dichotomous score was chosen, with 0 indicating a head with complete plumage and 1 representing damaged feathers, nude parts, or a completely nude head. More detailed scoring was considered difficult due to the relatively small feathered area of the head.
The whole body plumage score was the sum of the 6 individual scores of the neck, back, breast, vent, wing, and tail, and it could range between 6 (very poor) and 24 (very good feather cover) for an individual hen. Regarding the whole body plumage score, a cut-off of 15 per total score and hen was chosen to differentiate between hens with a poor and a good plumage condition. This value was the mean of the minimum and maximum score per hen. Additionally, a score of 15 could be considered the threshold between acceptable and unacceptable feather damage, because a score less than or equal to 12 indicated a very poor plumage condition, and 18 or higher signified a relatively good feather cover (LayWel, 2006) . Again, for the whole body score, the percentage of hens per flock with a score of 15 or less was used as the outcome variable.
Statistical Analysis
To investigate whether and the extent to which information is lost when summarizing the scores of the separate body parts and to describe the resulting consequences for the analysis of influences on plumage condition, 2 models were fitted. The respective models differed concerning the included outcome variables. In the first model ("overall model"), the following outcome variables were investigated: the percentage of hens showing a whole body plumage score of 15 or less, and the percentage of hens with low scores regarding the feather cover of the head. The second model ("detailed model") included different percentages of hens with low scores for individual body parts. Factors potentially affecting plumage condition were identified by expert opinion and literature research.
All of the data were checked for plausibility and corrected if necessary. Furthermore, descriptive analyses were conducted, yielding contingency tables and measures of location and variation. To avoid sparse data problems, such as convergence problems for models, categorical variables with fewer than 5 observations in one category were dichotomized if possible or were not considered for further analysis. Furthermore, variables were checked for strong multi-collinearity by investigating cross-tables and the correlation matrices of the estimates computed by multi-factorial regression models. The remaining potential influencing factors underwent univariate one-factorial linear regression analysis (Neter et al., 1996) . Those with P-values less than 0.15 were suggested for the final model. A higher P-value was chosen in order to identify influences, which might be biased due to confounding variables or influential but not statistically significant in one factorial model due to large error variability. Like Lambton et al. (2013) , we would have excluded body parts from multivariate, multifactorial modeling that were not significantly associated with influencing factors in the univariate analyses to improve the estimation of the test statistics. This was not necessary for any model.
The method chosen for multivariate, multifactorial analysis was the multiblock redundancy analysis, first described by Bougeard et al. (2011) , as it allowed for the analysis of risk factors (multifactorial) for several dependent variables simultaneously (multivariate). For this method, sets of explanatory variables (i.e., influencing factors) were grouped together in meaningful explanatory blocks, and the outcomes (i.e., plumage scores; dependent variables) were merged in one outcome block (for technical details, see Bougeard et al., 2011) . The procedure offered the possibility to weight between different thematic blocks of influences. In this study, the blocks were equally weighted to adjust for different numbers of variables per block. The data were centered and scaled to achieve variance homogeneity.
In this study, explanatory variables were grouped into: (1) "management" blocks, which included variables that could be changed by management decisions, i.e., breed (LB-Lohmann Brown, LSL-Lohmann Selected Leghorn, LT-Lohmann Tradition, Dekalb, Bovans Brown, Tetra Brown, and ISA Warren Brown and White), number of feedings, stocking density, feed structure (mash vs. granulated feed), perch length/hen, age at transfer to laying unit, etc., and (2) "other factors," which included those variables that were influenced by complex measures in the longer term (e.g., experience of staff, incidence of disease) or that could not be influenced by the farmer (e.g., age at scoring).
The association between an explanatory variable (i.e., an influencing factor) and the whole outcome block (all dependent variables) was assessed as variable importance (VIP [%]; see Bougeard et al., 2011 Bougeard et al., , 2012 for technical details). Furthermore, regression coefficients for the influence of all of the explanatory variables for each specific outcome variable were calculated. Appropriate numbers of dimensions, also known as principal components, were selected based on methodological considerations, such as a high inertia (i.e., importance of dimensions or explained variance of the data set) and control of statistical error rates. The goodness of fit of the models was assessed, calculating the coefficient of determination for the total model, as well as for each outcome variable. Two-sided 95% confidence intervals were computed for all of these measurements via bootstrap simulation with 999 steps. As multiblock redundancy analysis does not yet provide Pvalues, estimations of regression coefficients were considered significant at a 95% significance level where confidence intervals did not include "0." Due to the exploratory nature of this study, a multiplicity correction was omitted.
For reasons of quality assurance, analyses of the multiblock redundancy analysis were compared with univariate, multifactorial analyses for all of the outcome variables separately. Regression models were fitted with a backward selection of the influencing variables, with α = 0.05 as the cut-off for the significance level to stay in the model.
Plausibility checks, descriptive analysis and regression modeling for quality analyses were conducted with SAS software, version 9.3 (SAS Institute Inc., 2012) . In order to simultaneously analyze quantitative and qualitative influences in regression modeling, analysis of covariance was fitted using Proc GLM, and for models with only quantitative influences, regression was fitted using Proc REG. Statistical procedures and associated interpretation tools concerning the multivariate, multifactorial analysis were performed using R software (R Development Core Team, 2008) .
RESULTS
After applying the eligibility criteria, the sample consisted of 47 flocks in aviaries. The farms in the sample population were a typical representation of German egg production regarding farm size, geographical distribution, and housing system (DeStatis Federal Statistical Office, 2017) . The average flock size was 9,394 hens (Table 2) . Here, flock means hens in one stable, not hens on the whole farm. The percentage of LB and LT hens outweighed the percentage of other breeds (Table 3) .
It should be noted that the extents of feather damage differed among the individual body parts because generally a higher percentage of hens showed feather damage on the head, breast, and tail rather than on the neck, back, and wings (Table 2) .
Observer bias among the 6 observers was assessed evaluating 40 hens for 24 different body locations and characteristics (skin lesions, feather status, hyperkeratosis, etc.). According to analyses not shown here, the data showed no indication of systematic observer bias consistent over different body parts. As this finding was coherent with other findings (Tauson, 1984; Gunnarsson, 2000) , the analytical models presented here were not adjusted for observer bias.
Quality analyses of the multifactorial regression models (results not shown here) supported the results of multiblock redundancy analyses.
Considerations of model fit indicated that 3 dimensions sufficed to exceed 80% inertia in the overall model. For this model, the overall coefficient of determination was R 2 = 0.349, for the outcome of the plumage on the head, it was R 2 = 0.420, and for the whole body plumage score, it was R 2 = 0.277. Regarding the detailed model, 2 dimensions sufficed to exceed 80% inertia. The coefficient of determination was 0.354. Considering the single endpoints, the R 2 values for plumage of the vent, breast, wing, head, back, and tail were 0. 524, 0.620, 0.175, 0.371, 0.272, and 0.310, respectively. In the overall model, breed and age at transfer to the laying unit ("age at housing") showed associations with the whole outcome block (P < 0.05). Furthermore, associations between influencing factors and at least one outcome variable were identified for breed, age at housing, and age at scoring (P < 0.05). LSL hens more often had poor plumage conditions on their heads than other genotypes (P < 0.05), whereas no significant association was found between breed and whole body plumage score. The older the age was at housing, the higher the percentage was of hens with poor plumage scores for their heads and with poor whole body plumage scores (Table 4 ). The older the age was at scoring, the higher the percentage was of hens with poor overall plumage conditions, as reflected by the whole body plumage score.
In the detailed model, breed and age at housing again showed associations with the whole outcome block (P < 0.05). The breed was identified as influencing the plumage condition of the head, back, and vent (P < 0.05). LSL hens more often had poor plumage conditions of the head and vent than other genotypes (P < 0.05). Age at housing was associated with the plumage conditions of the head, breast, and vent (P < 0.05) in the manner that the older the hens were at housing, the higher the percentage was of hens with poor plumage conditions for the respective body parts. The detailed model also showed a positive association between inspection time (by farm personnel) per hen and the percentage of hens with poor plumage condition for the breast and the vent (P < 0.05; Table 5 ).
DISCUSSION
The aim of this study was (1) to identify possible influences on plumage condition and (2) to assess whether and the extent to which information is lost when using a summarized whole body plumage score compared to the individual plumage conditions of different body parts to identify these influences.
Influences of Plumage Condition
The extent of feather damage (Table 2 ) was comparable to the results of prior European research (Green et al., 2000; Huber-Eicher and Sebö, 2001) .
The influencing variables assessed in the present study were considered to potentially affect the feather condition of laying hens according to the literature and expert opinion (Green et al., 2000; Bestman et al., 2009; Drake et al., 2010; Lambton et al., 2010; Nicol et al., 2013; Rodenburg et al., 2013) .
A considerable number of explanatory variables had to be excluded from the analysis due to insufficient variability of the explanatory variables or a small sample size, such as insufficient variability among farms regarding beak trimming (most flocks were beak trimmed; Lambton et al., 2010) or the (nearly non-existent) presence of sickbays. As the farms did not vary regarding these factors, it could not be investigated whether these factors have an effect on the plumage conditions. As opposed to previous studies (Wall et al., 2008; Mielenz et al., 2010; Stojcic et al., 2012; Yamak and Sarica, 2012) , our study found that brown layers had better plumage scores at head and vent than white layers. The differences might have been due to genetic traits (Heerkens et al., 2015) . However, an observer might also perceive the plumage damage in brown feathers differently than in white feathers.
An association of age at housing with plumage conditions of hens in aviaries was shown for both the whole body (Table 4 ) and for the specific feather tracts of the head, breast, and vent. Other body areas, namely, neck, back, tail, and wings, were not influenced by age at housing (Table 5) . A late transfer of pullets to laying facilities might lead to increased stress for older birds when adapting to new surroundings (Bestman and Wagenaar, 2003) , which in turn might increase the risk of feather pecking and consequently decreased plumage conditions of different body parts.
The well-known fact that the plumage condition deteriorates steadily during the laying cycle (Bilcik and Keeling, 1999; Mielenz et al., 2010; Sherwin et al., 2010; Yamak and Sarica, 2012 ) also was found for aviaries in the study presented here. However, it was revealed as a significant effect on the whole body score only (age at scoring; Table 4 ). It cannot be determined why this effect was not significant in any of the single body locations. Deterioration over time can be caused by protracted feather pecking or perseverative contact with the technical equipment of the housing system.
Increased inspection time was significantly associated with a higher percentage of hens with poor plumage conditions on the breast and vent (Table 5 ). This association might reflect reverse causation apparent in the data (Dohoo et al., 2012 ). An increased inspection time could be expected to lead to an improved human-animal relationship (Graml et al., 2008) , allowing for early problem detection and thereby reducing the incidence of feather pecking. However, in the study presented here, the increased inspection time might have been a result of the actual occurrence of feather pecking. Thereby, it would be a reaction instead of a cause and would be intended to decrease feather pecking in the future. Green et al. (2000) provide a possible alternative explanation; they suggested that hens conducted more feather pecking during inspection because of the increased light intensity so that the animal caretaker could more easily observe the hens. However, based on the present study, the possible causal relation between inspection time and plumage condition could not be determined. Therefore, it remains unclear whether a transiently increased light intensity during inspections resulted in more feather pecking or whether a poor plumage resulted in intensified inspection. Especially regarding this association, it must not be ignored that the farmer's attitude towards plumage conditions influences different management decisions. Therefore, the association identified in this study may be only among a number of associations that are all basically driven by the farmer's attitude (Palczynski et al., 2016) . Table 5 . Regression coefficients and relevance (VIP) of influences on the percentage of birds with poor plumage scores of the individual body parts in aviary housing systems (n = 47) -estimated in the multiblock redundancy analysis. Cage tiers and numbers of different diets fed were not found to have influences on plumage conditions. The influence of the number of tiers on the plumage conditions of laying hens has not been the focus of scientific work so far. Although previously seen as a less important factor (Allen and Perry, 1975) , Habig and Distl (2014) found that the plumage conditions on the head, neck, and wings of hens in the highest tier were worse than in the first or second tier. This might be due to an increased light intensity in the highest tiers as compared to the tier bellows. However, due to lacking data from different farms with varying numbers of tiers, they could not evaluate whether this condition was an effect of the experimental farm or whether it could be generalized. In the study presented here, the scored hens were from all tiers.
The finding that the plumage condition decreases with an increasing number of feeding phases was in agreement with previous findings, which suggested that hunger from a temporary aversion to the new, unknown diet or competition for the new, more attractive diet might be a trigger of increased feather pecking (Lindberg and Nicol, 1994; Green at al., 2000) . However, Heerkens et al. (2015) could not confirm this relationship, and on the other hand, an adjustment of feed composition during different feeding phases may prevent nutrient feeding imbalances and subsequent feather pecking.
Stocking density, flock size, and perches were not found to have influences on the plumage conditions in the multivariate models, although they are well-known factors in other studies (Lambton et al., 2010; de Haas et al., 2014; Steenfeldt and Nielsen, 2015) and were significantly associated with the plumage condition of at least one body part in the univariate, one-factorial models. Why they did not emerge as risk factors in multivariate modeling can only be assumed (small sample size, not that large an influence, etc.). Differences between the study presented here and other investigations regarding the configuration of the outcome variable might also have an effect. While the study presented here analyzed the percentage of birds per farm above a certain feather damage threshold, other investigators recorded the outcome as (overall) herd score (Lambton et al., 2010) , average feather damage per flock (de Haas et al., 2014), or as the plumage score of one body area per single bird (no farm variation; Steenfeldt and Nielsen, 2015) . However, regarding the effect of perches, it should also be noted that perches were present in all of the farms and flocks investigated here, and the factor analyzed was the length of perches accessible per hen. Hence, the effects of these influences might not have been as impressive as in other studies.
Study Design and Methods
Multiblock redundancy analysis was chosen to assess the impact of different influences on the plumage condition of different body parts simultaneously. Thereby, a realistic picture could be obtained of the complex associations between influences on the plumage condition of different body parts of laying hens, as multiple influences (multifactorial) could be analyzed for their association with multiple outcome variables simultaneously (multivariate). This would not have been possible where (univariate, multifactorial) regression analyses for body parts fitted separately. Due to the relatively small sample size, the multivariate analyses were restricted to identifying the most important influences. However, this does not hinder the interpretation of findings. The sample size was restricted due to being part of a collaborative project aiming at a comprehensive description of the health status and housing conditions of laying hens in Germany. Sample size calculation did not include risk factor analysis-especially not multiple risk factor analysis, in which more than one risk factor is modeled as a possible influence on one outcome. Future studies of the influences on multivariate plumage outcomes should include more farms. Although the multivariate method did not provide P-values for the regression coefficients, the confidence intervals helped to deduce the reliability of the influences found in the models. The results shown here indicated the strength and direction of the effects. However, they should be interpreted carefully regarding the detailed sizes of the effects. Nevertheless, the method is a one-step approach to simultaneously estimating the association of different influences with all outcomes (VIP) and every individual outcome (Bougeard et al., 2012) .
Suitability of Whole Body Score to Assess Influences on Plumage Conditions
The whole body plumage score is a commonly used measure to assess general plumage status and to evaluate the welfare and housing conditions of laying hens (Bestman and Wagenaar, 2003; Nicol et al., 2006; Drake et al., 2010; Lambton et al., 2013) . For this purpose, the overall whole body plumage score per bird is a very appropriate measure of investigation. However, with regard to identifying the risk factors that might have altered plumage conditions, it might be more appropriate to consider plumage conditions of different body parts to prevent dilution and information loss. Therefore, the study presented here aimed to analyze whether a number of plumage scores from different body locations were more suitable as dependent variables than a whole body score when investigating possible influences on plumage conditions in laying hens.
When comparing the results of the overall and detailed models, it became obvious that the whole body plumage score facilitated the detection of breed and age at housing as the most obvious risk factors, just like the model for plumage conditions of specific body parts. However, the overall score does not enable analyzing ambiguous influences, influences on single body parts, or the risk patterns for each body part-like the detailed model did.
It is known that a factor that improves the plumage condition in one part of the body can decrease it in another (Hester et al., 2013) . By totaling all of the body parts into one score, it then becomes impossible to detect the influences of these factors. An indication of ambiguous influences on different body parts could be found for stocking density, incidence of diseases, and flock size (Table 5 ). The lack of statistical significance here might be attributed to the relatively small sample size or uniform practice conditions. Therefore, possible ambiguous influences should be analyzed in future studies with more farms.
The other assumption that some influences affect only one or a few body parts and therefore might not be detected in a model with a summarized outcome variable was supported by the findings of this study. Although breed and age at housing were the most obvious influences, they affected only 3 out of 7 body locations significantly (breed: head, back, vent; age at housing: head, breast, vent; Table 5 ). The significant influence of breed on the back and vent, for example, would have been overseen using a model with a summarized plumage score (Table 4) . Furthermore, the significant association of inspection time with the plumage conditions of the breast and vent would not have been detected (Table 5) .
Regarding plumage damage, the body parts predominantly affected vary among studies (back and vent: Bilcik and Keeling, 1999; back and rump: Uitdehaag et al., 2008; and neck and breast: Yamak and Sarica, 2012; neck: de Haas et al., 2014) . The study presented here revealed the breast and tail as the predominantly affected body parts (Table 2) . Differences among publications indicate that the factors that affect the hens mostly depend on the study population and the predominant housing conditions. We know that a pattern of different risk factors affects the hens simultaneously , such as nutrition, stress, genotype, or contact material of the housing system (perches, feeders; Tauson, 1984; Yamak and Sarica, 2012) . More specifically, poor plumage conditions of different body parts can have different causes (Bilcik and Keeling, 1999; Tauson et al., 2005; van Krimpen et al., 2008) . The study presented here supports the assumption of different risk patterns per body part because different significant risk patterns were found for the head, back, breast, and vent in the detailed model (Table 5) . Therefore, it appears very promising to conduct a simultaneous multivariate analysis of different body parts and to circumvent the disadvantages of the whole body score, while at the same time considering the animal as a whole. Hence, the dependent variable should not be summarized over different body parts when analyzing possible risk factors for poor plumage conditions.
It can be concluded that breed and age at housing were the most obvious influences on plumage condition of laying hens kept in aviaries, in the study presented here. Furthermore, using single body plumage scores in a multivariate approach is a recommendable option compared to a whole body plumage score (per hen) when analyzing risk factors for plumage deterioration in laying hens. The most important advantage of a multivariate approach over univariate methods for risk factor analyses is that it considers all different body locations at once while analyzing the influences of multiple (possibly interrelated) risk factors on these different body locations. It could be shown that influences might be underestimated or even missed when modeling their explanatory power for only an overall score. Furthermore, it could be illustrated that risk patterns may differ among different body parts.
Therefore, although summarized scored information (i.e., the whole body plumage score) is a useful tool when assessing the welfare of laying hens, multivariate methods that allow for considering of the individual body parts should increasingly be used in the future when attempting to identify risk factors for poor clinical states such as feather condition.
